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Electrochemical  Digital  Etching:  Atomic 
Level  Studies  of  CdTe(lOO) 

T.  A.  Sorenson,  B.  K,  Wilmer,  and  J.  L.  Stickney 
Department  of  Chemistry,  University  of  Georgia,  Athens,  GA  30602 

Atomic  level  control  in  the  etching  of  CdTe(lOO)  is  being  investigated,  in  an 
attempt  to  develop  an  electrochemical  digital  etching  procedure.  In  principle, 
surface  atoms  on  the  crystal  should  show  higher  reactivity  then  those  contained  on 
the  interior,  due  to  their  decreased  coordination.  Electrochemical  oxidation  in  50 
mM  K2SO4,  resulted  in  removal  of  the  surface  Cd  atoms  and  a  tellurium  enriched 
surface,  as  observed  by  Auger  electron  spectroscopy.  Subsequent  reduction  at 
-18  V  reduced  the  surface  excess  of  Te,  and  returned  the  surface  composition  to 
stoichiometric.  Selection  of  an  appropriate  potential  for  the  oxidation  of  surface 
cadmium  atoms  was  complicated  by  the  observation  that  bulk  CdTe  is  oxidized  at 
potentials  close  to  that  used  to  oxidize  the  surface  cadmium  atoms. 

Etching  of  CdTe  single  crystals  can  be  categorized  as  dry  etching  and  wet  etching.  Dry  etching 
is  performed  using  techniques  such  as  argon  ion  sputtering  in  ultrahigh  vacuum  (UHV)  {1,2)  and 
plasma  etching  using  CH4/H2  {2,4).  Wet  etching  has  been  demonstrated  using  a  variety  of 
solutions  including:  HN03/K2Cr207/Ag''  (5),  Ce^^  {6,7),  S204/Na0H  {8),  15%  HNO-,(5), 
Cr207‘  /HN03(y,5)  and  BrT/CHjOH  (7,9).  Interest  in  CdTe  for  solar  energy  conversion  has  led  to 
a  number  of  studies  of  the  CdTe/electrolyte  interface  {8,10-12),  and  development  of 
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photoelectrochemical  etching  {13-15).  In  general,  the  above  studies  focused  on  macroscopic 
etching  as  a  microfabrication  process  or  surface  cleaning  technique  for  CdTe. 

As  the  dimensions  of  semiconductor  structures  approach  the  atomic  scale,  atomic  level 
control  becomes  increasingly  important.  With  regards  to  etching,  a  technique  known  as  digital 
etching  has  begun  to  be  studied  (16-22).  Digital  etching  makes  use  of  surface  limited  reactions  to 
etch  a  materia!  one  atomic  or  molecular  layer  at  a  time.  Gas  phase  digital  etching  generally 
involves  an  initial  surface  limited  adsorption  step,  of  a  precursor  gas.  The  resulting  surface  is 
then  subjected  to  a  beam  of  energetic  particles:  photons,  electrons,  ions,  etc.  The  yield  of  volatile 
species  resulting  from  the  bombardment  is  then  limited  to  a  monolayer  by  the  limited  amount  of 
preadsorbed  gas.  The  process  is  repeated,  in  a  cyclic  manner,  until  the  desired  etch  depth  is 
achieved.  Digital  etching  has  been  demonstrated  on  silicon  and  gallium  arsenide  using  fluorine, 
chlorine,  selenide,  and  hydrogen  as  gaseous  adsorbates  and  Ar""  ions,  electrons,  and  photons  (from 
XeF  and  KrF  lasers)  as  energetic  particles. 

Research  in  our  laboratory  involves  studies  of  the  electrochemical  atomic  layer 
processing  of  compound  semiconductors.  A  major  project  involves  atomic  layer  epitaxy  (ALE). 
ALE  is  the  formation  of  a  compound  one  atomic  layer  at  a  time  using  surface  limited  reactions, 
and  the  electrochemical  analog  of  ALE  (ECALE)  is  presently  under  development  in  this  group. 
This  study  concerns  development  of  the  electrochemical  analog  of  digital  etching,  where  a 
compound  is  dissolved  one  atomic  layer  at  a  time  (23,24).  The  present  article  is  an  atomic  level 
study  of  electrochemical  digital  etching. 

A  schematic  illustration  of  electrochemical  digital  etching  is  shown  in  Figure  1.  The 
principle  is  that  potentials  are  used  for  which  only  the  top  atomic  layer  of  a  particular  element  is 
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electrochemically  removed,  in  a  surface  limited  reaction.  Removal  of  just  the  top  atomic  layer  is 
facilitated  by  those  atoms  being  in  a  lower  coordination  state  on  the  surface,  than  corresponding 
atoms  in  the  bulk  of  the  compound.  If  the  surface  is  terminated  by  a  layer  of  cadmium  atoms 
(Figure  lA),  careful  selection  of  an  oxidative  potential  should  result  in  the  anodic  dissolution  of 
the  top  cadmium  atoms,  while  leaving  a  tellurium  terminated  surface  (Figure  IB).  Interior  Cd 
atoms  are  not  removed  as  they  are  tetrahedrally  coordinated.  The  resulting  tellurium  terminated 
surface  can  then  be  reductively  etched  by  selection  of  an  appropriate  reduction  potential,  leaving 
a  cadmium  terminated  surface  and  completing  one  digital  etching  cycle  (Figure  1C).  The  cycle  is 
then  repeated  until  the  desired  etch  depth  is  achieved.  The  use  of  an  electrochemical  etching 
cycle,  with  both  oxidation  and  reduction  components  has  been  well  demonstrated  by  Kohl  et.  al  ., 
in  the  etching  of  InP  (2J).  The  present  studies,  however,  focus  on  the  development  of  a  cycle 
based  on  removal  of  a  single  monolayer  per  cycle,  using  surface  limited  reactions. 

Experimental 

Undoped  cadmium  telluride  single  crystals,  cut  and  oriented  to  the  (100)  plane,  were  obtained 
from  II-IV  Incorporated.  Before  use,  the  CdTe  single  crystals  were  chemically  etched  in  1% 
BrVCHjOH.  An  ohmic  contact  was  established  by  soldering  an  indium  strip  on  the  top  of  the 
crystal.  The  crystal  was  held  between  two  molybdenum  plates,  tightened  by  0-80  bolts.  Al  foil 
was  sometimes  wrapped  around  the  In  strip  to  help  with  conduction  and  prevent  the  crystal  from 
falling  out.  Tungsten  wires  were  connected  to  the  molybdenum  bars  to  facilitate  electrical 
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contact  to  the  CdTe(lOO)  crystal  and  allow  thermal  annealing  in  the  UHV  surface  analysis 
instrument. 

All  experiments  in  this  paper  were  performed  in  an  UHV  surface  analysis  instrument 
equipped  with  a  Phi  model  3017  Auger  electron  spectroscopy  subsystem  and  Phi  model  15-120 
low  energy  electron  diffraction  (LEED)  optics.  The  instrument  was  also  equipped  with  an 
electrochemical  antechamber  used  to  perform  the  etching  experiments  (!.26.2~).  A  standard, 
in-house  built,  three  electrode  potentiostat  was  used  for  all  electrochemical  experiments.  .All 
potentials  are  reported  versus  a  Ag/AgCl(3M  KCl)  reference  electrode  obtained  from 
Bioanalytical  Systems,  Inc.  During  electrochemical  experiments,  solution  levels  were  kept  at 
least  2  mm  below  the  In  strip  and  Mo  plates.  The  electrolyte  solution  used  was  0.050  M  KSO4 
for  all  electrochemical  experiments  followed  by  a  rinse  in  ImM  H2SO4,  to  remove  excess 
electrolyte  prior  to  transfer  to  vacuum.  All  solutions  were  made  with  Nanopure  water  and  were 
purged  with  argon  for  at  least  fifteen  minutes.  All  chemicals  were  high  purity  (Fisher)  and  used 
without  further  purification.  The  CdTe  electrode  was  illuminated  during  oxidations  using  a 
Fiber-Lite  Model  190  (Dolan-Jenner  Industries,  Inc  ),  with  a  W-halide  bulb  on  high  intensity, 
focused  on  the  electrode  through  a  viewport.  All  reductions  were  performed  in  the  dark. 

Results  and  Discussion 

The  surface  structure  of  CdTe(  1 00)  has  been  the  focus  of  a  number  of  recent  studies.  A  cadmium 
terminated  CdTe(lOO)  surface,  for  instance,  displays  a  c(2X2)  +  (2X1)  reconstruction  (28-3-4), 
while  a  tellurium  terminated  surface  displays  a  (2X1)  reconstruction  (29-32)  Prior  to  each 
electrochemical  study,  the  CdTe(!00)  crystal  was  ion  bombarded  and  annealed,  resulting  in  an 
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unreconstnicted  (1X1)  LEED  pattern  (Figure  2).  Why  a  (1X1)  is  observed  in  the  present  studies, 
as  opposed  to  a  c(2X2)  or  a  (2X1)  is  not  clear,  but  may  result  from  variations  in  the  pretreatment 
procedures.  The  corresponding  Auger  spectrum  (Figure  3A)  shows  a  Cd/Te  ratio  of  1.32, 
calculated  from  the  heights  of  the  cadmium  peak  at  376  eV  and  tellurium  peak  at  483  eV. 
Figures  4A  and  B  show  voltammetry  for  the  electrochemical  reduction  and  oxidation, 
respectively,  of  this  surface  in  50  mM  K2SO4.  When  the  potential  was  scanned  negative  of  open 
circuit  in  the  dark,  only  a  slight  reductive  current  due  to  hydrogen  evolution  was  observed,  with 
no  detectable  change  in  the  Cd/Te  ratio.  Scanning  the  potential  positively,  however,  with  the 
surface  illuminated,  resulted  in  an  oxidation  feature  consisting  of  a  small  peak  at  about  +0.1  V, 
on  top  of  an  exponentially  increasing  background.  When  the  resulting  oxidized  surface  was 
immersed  in  fresh  electrolyte  and  scanned  negatively  in  the  dark,  a  surface  limited  peak,  at 
approximately  -1 .65  V,  was  observed  on  a  small  background  of  hydrogen  evolution  (Figure  4C). 

To  characterize  the  oxidation  process  a  series  of  experiments  were  performed  in  which  the 
ion  bombarded  and  annealed  CdTe(lOO)  crystal  was  immersed  at  increasingly  positive  potentials, 
for  five  minutes  each  time.  Examples  of  the  chronoamperograms  obtained  are  shown  in  Figure  5 
and  are  very  similar  in  shape  to  those  observed  in  previous  studies  of  photoelectrochemical 
etching  {14).  Two  features  are  evident,  a  steady  state  current  that  increases  with  increasing 
potential,  and  a  transient  current  that  decays  to  the  steady  state  current  after  about  60  seconds,  for 
potentials  positive  of  -0.25  V.  Auger  spectra  taken  after  each  immersion  indicated  that  Cd  was 
preferentially  dissolved,  leaving  a  Te  enriched  surface.  Figure  3B  shows  the  Auger  spectrum 
recorded  following  oxidation  at  +0.25  V,  and  a  Cd/Te  ratio  of  1.08. 
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Subsequent  reduction  of  the  Te  enriched  surface  was  accomplished  by  immersing  the 
oxidized  CdTe(lOO)  single  crystal  in  a  fresh  aliquote  of  the  50mM  K2SO4  solution  at  -1.8  V.  The 
resulting  chronoamperogram  is  shown  in  Figure  6.  Similar  behavior  was  obseived  for  Te 
reduction  following  the  oxidation  steps.  That  is,  an  initial  reduction  peak  was  observed,  which 
decayed  to  background  after  1  minute.  Auger  spectra  obtained  after  these  reduction  steps  all 
indicated  that  the  initial  stiochiometry  of  the  CdTe(lOO)  surface  had  been  restored,  thatCd/Te 
ratios  were  equivalent  to  those  observed  for  the  ion  bombarded/annealled  surface  (Figure  3C). 

Figure  7  shows  the  dependence  of  the  charge  passed,  converted  to  monolayers  of  the 
corresponding  elements,  as  a  function  of  the  potential  used  during  the  oxidation  step.  The  total 
oxidation  charge  (triangles  pointing  down)  increased  dramatically  between  -0.25  V  and  -0.12  V 
In  addition,  the  charges  for  the  transient  (squares)  and  constant  background  (circles)  features  in 
Figure  5,  are  plotted  in  Figure  7.  For  potentials  more  positive  than  -0,25  V,  charge  due  to  the 
transient  actually  decreased  as  the  potential  increases,  while  the  charge  due  to  the  constant 
background  oxidation  increased  markedly.  Charge  passed  in  the  subsequent  Te  reduction  step  at 
-1.8V  (triangles  pointing  up)  followed  the  transient  oxidation  charge. 

Given  the  data  presented  above,  it  appears  that  at  potentials  betweenopen  circuit  (-0.5  V) 
and  -0.25  V,  cadmium  is  oxidized  in  a  surface  limited  manner,  with  a  0.5  monolayer  removed  at 
-0  25  V.  Reduction  of  the  resulting  Te  layer  was  consistent  withthe  amount  of  Cd  removed,  and 
restores  the  original  surface.  However,  at  more  positiveoxidation  potentials,  a  second  oxidation 
process  began,  the  constant  background  oxidation,  which  appeared  to  involve  oxidation  of  both 
Cd  and  Te.  The  potential  for  oxidative  stripping  of  bulk  tellurium  from  a  gold  electrode  has  been 
shown  to  begin  around  0.2  V  (27,35),  possibly  explaining  the  steep  increase  in  charge  at  that 
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potential  in  Figure  7.  Why  the  total  charge  increases  abruptly  at  -0,12  V  is  not  clear,  given  a 
formal  potential  for  Te  of  0.2  V.  On  the  other  hand,  the  formal  potential  for  Gd  is  close  to  -0.7  V, 
and  though  it  is  clear  that  Cd  is  stabilized  by  bonding  with  Te  to  form  CdTe,  by-0.125V  a 
sufficient  over  potential  should  exist  to  strip  Cd  atoms  away  from  Te  atoms  in  the  lattice,  leaving 
the  Te  under-coordinated  and  destabilized.  The  resulting  Te  atoms  should  be  suceptible  to 
underpotential  oxidation,  explaining  the  loss  of  both  Cd  and  Te. 

Creation  of  a  pitted  morphology  after  several  cycles  of  etching  is  indicated  by 
examination  of  the  LEED  patterns  after  each  step.  No  change  in  the  symmetry  of  the  LEED 
patterns  was  observed  after  either  the  oxidative  or  reductive  steps,  but  each  step  resulted  in  an 
increase  in  diffuse  intensity,  indicating  surface  disordering  or  roughening.  In  addition,  the  mirror 
like  finish,  initially  obtained  with  the  Br2/CH30H  etch,  was  significantly  less  reflective  afterthree 
or  four  experiments.  It  is  quite  possible  that  the  co-dissolution  of  Cd  and  Te,  at  potentials  above 
-0.25,  is  occurring  more  extensively  at  specific  sites,  rather  than  homogeneously  across  the 
surface. 

Conclusion 

An  electrochemical  method  for  digitally  etching  CdTe(lOO)  is  being  investigated.  In  principle, 
two  potentials  are  needed,  one  where  surface  atoms  of  Cd  areoxidatively  removed  in  a  surface 
limited  reaction,  and  one  where  surface  atoms  of  Te  arereductively  removed  in  a  surface  limited 
reaction.  Finding  an  optimal  potential  for  cadmium  oxidation  is  complicated  by  the  observation 
that  some  tellurium  is  oxidatively  etched  at  potentials  0.3  V  negative  of  where  bulk  Te  is  stripped 
(underpotential  stripping).  This  appears  to  be  due  to  destabilization  of  the  Te  by  stripping  the  Cd 
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atoms  to  which  it  was  coordinated.  Results  from  this  study  indicate  that  a  potential  near  -0.25V 
would  be  optimal  for  surface  limited  removal  of  Cd  without  removal  of  the  Te.  The  reduction  of 
tellurium  at  -I  80V.  on  the  other  hand,  has  been  shown  to  be  an  easily  controlled  surface  limited 
reaction,  which  can  restore  the  stiochiometry  of  the  CdTe(lOO)  surface  following  an  oxidative 
step. 
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Figure  Captions 

Figure  1 :  Schematic  illustrating  the  electrochemical  digital  etching  process  on  CdTe(  1 00). 

Figure  2;  LEED  image  showing  (1X1)  pattern  of  CdTe(lOO)  that  resulted  from  ion  bombarding 
with  0.5  keV  Ar  ions  for  20  minutes  followed  by  annealling  for  5  minutes.  Electron  beam  energy 
52.9  eV. 

Figure  3:  Auger  spectra  of  CdTe(lOO)  taken  at  various  points  in  the  electrochemical  digital 
etching  cycle  A)  Argon  ion  bombarded,  annealed  surface.  Cd/Te=1.32.  B)  Surface  resulting 
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from  oxidation  at  +0.25V  for  5  minutes.  Cd/Te  =  1 .08.  C)  Surface  resulting  from  reduction  at 
-1.8V  for  2  minutes.  Cd/Te=1.34. 

Figure  4:  Voltammograms  on  an  argon  ion  bombarded,  annealed  CdTe(lOO)  surface  in  50  mM 
K;SOj,  pH  =  5.6.  A)  Reduction  from  the  open  circuit  potential  to  -2.0V.  B)  Oxidation  from  the 
open  circuit  potential  to  +0.30V  and  reversing  to  -0.55V  under  illuminated  conditions.  C) 
Reduction  following  B)  from  open  circuit  potential  to  -1 .8V  and  reversing  to  -0  50V 

Figure  5;  Chronoamperograms  of  ion  bombarded,  annealed  CdTe(lOO)  in  50  mM  K,SO_,  at 
different  oxidative  potentials  for  5  minutes.  A)  +0.25V.  B)  O.OV.  C)  -0.25V. 

Figure  6;  Chronoamperogram  showing  the  reduction  of  the  previously  oxidized  CdTe(  1 00) 
surface  in  50  mM  K.,S04  at  -1 ,8V. 

Figure  7;  Graph  showing  the  charge  passed,  converted  to  monolayers,  as  a  function  of  potential 
used  for  oxidation.  Total  oxidative  charge  has  been  separated  into  two  components;  transient 
oxidation  and  background  oxidation.  In  addition,  the  subsequent  reduction  charge  for  Te  is  listed 
as  well. 
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